ABSTRACT. Two different thinning methods were applied to three 6-or 7-yr-old black spruce stands in northern Minnesota which were measured after 20 yr. Overall, thinning improved the growing conditions for crop trees. Strip thinning with a 0.6 m leave strip and three widths of cleared strips (1.5 m, 2.1 m, and 2.7 m), and •Toacing to 1.5 m, 2.1 m, and 2.7 m resulted in reduced numbers of crop trees, but with larger diameters and, in the spacing thinned plots, greater heights. Because of these contradicting trends, stand volume was unaffected by thinning. Crop tree growth was not affected by the width of the cleared strip, but the distances between the leave trees in the square spacing were positively related to the increased growth response after thinning. The study is still too young to evaluate the economic feasibility of both thinning treatments, but shorter mine what range of young stand densities will result in both good tree and stand growth. This information will help land managers make effective decisions for sustainable black spruce management.
Black spruce is an important species in northern North
America, occupying 800,000 ha of commercial timberland in the Lake States alone. Two-thirds of this land is found in virtually pure stands in the lowland organic soils of northeastern Minnesota (Perala 1971 ).
Dense, even-aged stands of black spruce are commonly initiated after fire (Johnston 1990 ). Current management practices do not include precommercial or commercial thinnings (Johnston 1977) . While several studies have investigated the effect of thinning on black spruce growth (Steneker 1969 , Weetman et al. 1980 , Lavigne et al. 1987 , Newton 1988 , Shepard and Shottafer 1990), few studies have investigated how early density management affects future stand development. Because black spruce grows slowly, thinning treatments will only be implemented if they provide sufficient growth response and if implementation is inexpensive. Strip thinning is fairly inexpensive and has therefore been suggested as an alternative tool for species or sites for which management potential is marginal.
This study was initiated to compare the effects of strip thinning, square spacing thinning, and no-thinning to deter- NOTE: We are grateful to the late Dr. William F. Johnston for the design and installation of this study. We also appreciate the cooperation of the Minnesota DNR, Division of Forestry, for providing the study sites, arranging the logging and site preparation forregeneration, and other assistance throughout the course of the study. We acknowledge Professor Sanford Weisberg of the University of Minnesota, School of Statistics, for his help in the statistical analysis of data collected for the study. Klaus Puettmann is the corresponding author. mine what range of young stand densities will result in both good tree and stand growth. This information will help land managers make effective decisions for sustainable black spruce management.
Objectives
The objective of this study was to investigate growth of young black spruce stands growing at various densities on organic soil of varying fertility and location. Specific objectives include (1) to examine the effects of square spacing, strip thinning, and no-thinning on growth and development of individual trees and stands, and (2) to examine the effects of different thinning intensities on growth and development of trees and stands.
Methods
This study was established in 1971 and 1972 in organic soils in Kootchiching County in north central Minnesota Three study areas where black spruce forest was clearcut and broadcast burned 7 to 9 yr earlier were chosen. The first site is the 1964 Block V Burn; a black spruce-alderherb forest in the Big Falls Experimental Forest. Natural seeding from surrounding timber produced black spruce seedlings averaging 21,300 trees/ha 2 yr after burning The 50 yr site index was estimated to be 12.5 m. The site is extremely brushy and is highly variable with dense patches and openings throughout. 
Experimental Design and Treatments
The study uses a randomized, complete-block design. Each of the three study areas has two blocks, with seven treatments per block and three treatment groups: 
Results and Discussion
The study was established on three sites to cover a range in site qualities as indicated by the different site indices. Consequently mean height, dbh, basal area, and volume were significantly different between the sites (P < 0.001). Crop tree density (trees/ha) did not vary significantly between sites (P = 0.420). No interactions were found relating treatment responses to site, indicating that treatments responses were consistent despite the variability among sites. Thus, the overall treatment means for variables examined are representative of the range of site conditions used in the study and are subsequently used in further analysis.
Crop Tree and Stand Density
Significant differences were noted between the average crop tree densities in thinned and unthinned plots (P = 0.011) ( Table 1) . Strip thinning left high density strips, and the lack of differentiation within the strips is evident, especially in 1.5 m strip thinnings. Average distance between crop trees, assuming square spacing, is approximately 10% shorter in the strip thinnings than in the spacings (Table 1) . Table 1 shows overall and crop tree densities at initial treatment in 1972/1973 and current (1993) crop tree as well as current overall (crop plus noncrop) black spruce densities.
The data from the initial measurement show that stand density within and among study areas was fairly uniform for the spacings but varied greatly for the unthinned control and strip thinnings (Table 1) .
Spacings were set up to leave only crop trees, and almost every leave tree was again selected as a crop tree in 1993. Annual mortality and/or loss of crop tree status was limited Increasing the strip width led to a linear reduction in crop tree density (P = 0.014), and increased thinning intensity in the spacings led to lower crop tree numbers, though a linear trend was not significant (P = 0.095).
Additional woody species were common on all three sites ( Table 2 ). The four most prevalent species noted were noncrop black spruce, willow, red-osier dogwood, and speckled alder (Table 2) . Other species present include, but are not limited to, paper and bog birches, quaking aspen, and balsam poplar, tamarack, white spruce, balsam fir, and serviceberries.
Diameter
Diameter growth is known to be a sensitive to differences in stand density (Smith 1986 ). Average tree dbh was higher in the thinned than in the unthinned plots (P = 0.039), and higher in the spacing than in the strip thinned plots (P = 0.008) ( Table 3) 
Height
Generally height growth does not respond consistently to competition (Morris et al. 1990 ). In contrast to diameter, crop tree height in all thinned plots did not vary significantly from height in the control plots (P = 0.062) (Table 3) . However, as with diameter growth, the trees in spaced plots were taller than crop trees in the strip thinned plots, likely due to competition within strips (P = 0.015). This might also explain the lack of height response with increased width of cleared strips. A positive linear trend for height was significant in spaced plots (P = 0.029). Lavigne et al. (1987) did not find a height growth response 5 yr after thinning black spruce Several thinning studies of fast-growing species have shown that short term (5 yr) diminished height growth after thinning are subsequently offset by faster growth the next 5 yr (Lotan 1967 , Puettmann 1994 ). In our study the faster height growth •n the thinned plots is still observable after 20 yr. The longterm thinnin. g response might be explained by the generally slower growth rate of black spruce compared to Ioblolly pine (Lotan 1967 ) and red alder (Puettmann 1994 ). Using the current height to estimate an average site index for the three s•tes indicates the site index of the 2.7 m x 2.7 m spacing plots to be around 30% (3 m) higher than the unthinned control.
Basal Area
Crop tree basal area was less in the thinned plots (P = 0 045) and in both spaced and strip thinned plots, and basal area decreased with increasing intensities in a linear fashion (P = 0.046 and P = 0.027, respectively) ( Table 3) In general, stand volume followed trends similar to those observed in basal area (Table 3) . However, the increased variation from combining both basal area and tree height in the volume calculations made it harder to detect statistically significant relationships. Stand volume was not significantly higher in the unthinned plots than in the plots with the different thinning treatments (P = 0.44). Also, a decreasing trend for volume with higher thinning intensity was not statistically significant (P = 0.225 and 0.386 for the strip and spacing thinning, respectively). At this stage in stand development, effects of the lower crop tree density on stand volume in the thinning plots are offset by larger diameter and height of the trees. A similar offset was found by Lavigne et al. (1987) the first 5 yr after thinning. However, average volume per crop tree in the thinned stands is up to 275% greater than in the unthinned plots ( Table 3 ). Assuming that the number of crop trees remains fairly stable during the rest of the rotation, the volume comparison will be increasingly influenced by average tree volume. If the current growth trends continue, tree volume in the thinned stands will exceed crop tree volume in the unthinned stands at maturity. The analysis of stand volume indicates that it is still too early in the development of the stand to evaluate the overall effectiveness of the thinning treatments. Smith and Oerlemans (1988) estimated the volume at rotation age in strip thinned jack pine to be around 70% of the volume in the unthinned controls. While a direct extrapolation of the volume growth to rotation age is not possible, the increased height growth can be used to calculate an estimate. Assuming similar basal areas in thinned and unthinned stands, a site index that is 3 m higher is equivalent to an increase in ft 3 yield at 100 yr of around 20% (Johnston 1977 ). An increase in basal area due to thinning will increase the gain substantially.
